CheY binds to the flagellar motor complex where it induces a change in the direction the bacterium is swimming. Binding of an attractant to a receptor inhibits CheA (9-11), thus decreasing the level of phospho-CheY, so that a bacterium tends to continue swimming in favorable, attractant-rich, directions.
6 quantitated to determine ligand binding. At saturation, the serine bound per mole of Tsr subunits was 0.44 ± 0.11 (mean ± SD of 7 experiments with 3 different membrane preparations), which is entirely consistent with previous results showing that E. coli Tsr and Tar receptor dimers can only bind one molecule of ligand at a time (23, 35) . No deviation from linearity was observed in a Scatchard plot of the data (Fig. 1) . The same serine/Tsr ratio at saturation (0.43 ± 0.06; mean ± SD of 4 experiments with 2 different membrane preparations) was achieved when the Tsr receptor was in the complex with CheW and CheA. The ability of more than 85% of the periplasmic domains of Tsr dimers bind serine is consistent with the fact that kinase activity in the Tsr/CheW/CheA complexes was completely inhibited in the presence of saturating concentrations of serine (see below). The binding affinity of Tsr alone (K d = 10 ± 2 µM) was similar to that of Tsr in complexes with CheW and CheA (K d = 14 ± 1 µM) (Fig. 2) . Thus, formation of a complex with CheW and CheA does not significantly affect the affinity of Tsr for serine.
Relationship between Attractant Binding and Kinase Inhibition -In parallel with studies of serine binding, the effects of serine on kinase activity were investigated. Surprisingly, the concentration of serine that caused 50% kinase inhibition (IC 50 = 50 µM) was four-fold greater than the concentration required for the 50% receptor occupancy (K d = 14 µM) (Fig. 3 ). This result does not fit any simple linear relationship between serine receptor occupancy and kinase inhibition. The kinase activity of the complex formed by the Tsr receptor, CheW, and CheA is relatively insensitive to inhibition by subsaturating concentrations of bound ligand. Moreover, the inhibition data indicate only a slight degree of cooperativity between receptors, with a Hill coefficient of 1.6 (Fig. 4) .
Effects of Glutamyl Modification on Serine Binding and Kinase Inhibition -Inhibition of
kinase activity by attractant such as serine and aspartate is counterbalanced by increases in receptor methylation (10, 18, 19) . In agreement with previous reports, in our experiments serine caused an increase in the level of Tsr methylation, especially when the receptors were associated with CheW and CheA (Fig. 5) . The small but significant effect of CheW and CheA on the efficiency of receptor methylation suggests that the interaction with CheR is regulated by complex formation. This may explain the relatively small increases in methylation that have previously been observed in response to attractants with isolated receptors in membranes (36). It has been proposed that methylation-induced adaptation to attractants results from lowering of the ligand-binding affinity of the receptors (10) . To test this hypothesis we paralleled our investigation of the serine-induced inhibition of CheA activity in the Tsr/CheW/CheA complexes with direct studies of ligand binding to these complexes.
The Tsr protein used in the studies described above was not modified because it was expressed in a strain that lacks CheR and CheB. We have examined the effect of methylation and deamidation on receptor signaling complexes by treating receptor signaling complexes formed from these membranes with CheR + S-adenosylmethionine or with the catalytic domain of CheB, CheB c . Neither methylation nor deamidation had any effect on the stoichiometry of CheA or CheW binding to Tsr in membranes (31, 33) . We have previously reported that deamidation of a soluble receptor constructs, lzTar C , precludes it from forming active complexes with CheA and CheW (37). Presumably this results from electrostatic interactions associated with the assembly of soluble receptor subunits together into a compact barrel-like structure (38). Membraneassociated receptors are already localized in close approximation to one another, and under these conditions the process of assembly and complex stability are much less sensitive to a range of variables including subunit concentrations and buffer characteristics as well as the state of receptor modification. In the membrane, increases in receptor methylation did not affect the kinase activity of the complexes in the absence of serine. In previous studies with mutant receptors where glutamines were encoded in place of methyl-accepting glutamates (all Q form) or with receptors expressed in CheR + CheB -mutant straines, 2 to 3-fold higher kinase activities
were obtained compared to the activity of complexes formed with wild type, QEQE, receptors (10, 19, 39, 40) . The previous experiments differ from the experiments reported here, however, insofar as they involved the use of membrane preparations from different overproducing strains, with the assumption that levels of receptor and bound CheA and CheW were the same. It is possible, therefore, that the relatively slight differences in kinase activity were due, at least in part, to differences between membrane preparations or to differences between the methylated and the mutant, all Q receptor. On the other hand, decrease in the level of Tsr amidation resulting from incubation with 5.0 µM CheB c led to a 50% reduction in kinase activity in our experiments, in line with the previous observations (19) .
In agreement with previous reports (10, 19 , 39), we found that elevated levels of methylation substantially increased the concentrations of serine required to inhibit kinase activity 
DISCUSSION
We have examined the relationship between CheA kinase activity and serine binding with The results reported here and elsewhere argue strongly against the notion that bacterial chemotaxis receptors function as independent dimeric units, each acting to regulate an associated CheA dimer. Instead, the receptors function within the context of a complex assembly formed from thousands of protein subunits. This assembly has many emergent properties that cannot be predicted from the sum of its component parts. Traditional concepts of receptor occupancy, allosteric regulation, and cooperativity may not be applicable. In the past, the chemotaxis receptor signaling apparatus has been considered as a rudimentary sensory-response mechanism.
Recent research indicates that receptor signaling complexes function as highly nonlinear information processing devices that function on a second to second timescale to determine whether a cell should continue swimming on course or change direction. by guest on November 15, 2017
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